Refraction is a well-known optical phenomenon that alters the direction of light waves propagating through matter. Microscopes, lenses and prisms based on refraction are indispensable tools for controlling light beams at visible, infrared, ultraviolet and X-ray wavelengths 1 . In the past few decades, a range of extremeultraviolet and soft-X-ray sources has been developed in laboratory environments 2-4 and at large-scale facilities 5, 6 . But the strong absorption of extreme-ultraviolet radiation in matter hinders the development of refractive lenses and prisms in this spectral region, for which reflective mirrors and diffractive Fresnel zone plates 7 are instead used for focusing. Here we demonstrate control over the refraction of extreme-ultraviolet radiation by using a gas jet with a density gradient across the profile of the extreme-ultraviolet beam. We produce a gasphase prism that leads to a frequency-dependent deflection of the beam. The strong deflection near to atomic resonances is further used to develop a deformable refractive lens for extreme-ultraviolet radiation, with low absorption and a focal length that can be tuned by varying the gas pressure. Our results open up a route towards the transfer of refraction-based techniques, which are well established in other spectral regions, to the extreme-ultraviolet domain.
. Because he observed no significant deflection of the X-rays, he concluded that refractive lenses were not suitable for focusing X-ray radiation. A century later, a compound refractive lens consisting of a lens array was nevertheless developed for the hard X-ray regime, assisted by the comparably low absorption in this spectral region. Compound refractive lenses are used to focus X-rays emitted from modern synchrotron 9 and free-electron laser facilities 10, 11 . They have been applied for hard X-ray microscopy 12 , for X-ray nanofocusing 13 and for the investigation of crystal scattering 14 , as well as for coherent diffractive imaging of nanoscale samples 15 .
Refractive elements have so far been missing in the extreme-ultraviolet (XUV) range but are highly desirable. For instance, refractive lenses could be used to focus XUV pulses without changing the propagation direction, thereby providing considerable flexibility. The use of specially designed microscopic refractive lenses has been proposed 16, 17 . However, the need to use very thin lenses with a sophisticated design, owing to the strong absorption of XUV radiation, makes practical implementation challenging.
Here, we demonstrate that control over the refraction of XUV pulses can be achieved by using gases instead of solids. We exploit the fact that close to atomic resonances, the refractive index n has a dispersive lineshape, as depicted in the top part of Fig. 1a . As the photon energy approaches the resonant energy, n first increases and then steeply decreases across the resonance to values below unity, before increasing again.
Our scheme for control over the refraction of XUV pulses with an inhomogeneous gas target is presented in the middle and bottom panels of Fig. 1a . The XUV pulses pass through a gas jet, which propagates in a direction perpendicular to the XUV beam and has a density gradient in the vertical direction (middle panel in Fig. 1a) . When the XUV pulse crosses the gas jet off-centre, the jet acts as a prism and induces angular dispersion and deflection of the XUV radiation. For an XUV beam that is incident below the centre of the gas jet, spectral components of the beam for which n > 1 are deflected upwards (red colour in the bottom panel of Fig. 1a) , whereas spectral components of the beam for which n < 1 are deflected downwards (blue colour in the bottom panel of Fig. 1a ).
An experimental demonstration of this concept is presented in Fig. 1b , c. Figure 1b shows an XUV spectrum produced by highharmonic generation (HHG) using near-infrared (NIR) pulses with a duration of 4.5 fs. The spectrum was measured on a 2D detector, in which the horizontal axis represents the axis along which the XUV spectrum is dispersed using a flat-field grating (see Methods). When the broadband HHG pulses propagate 0.3 mm below the centre of a dense He gas jet, the XUV spectrum is strongly modified (see Fig. 1c ). Spectral components below the 1s np (n = 2, 3, …) resonances of He are deflected upwards, whereas spectral components above these resonances are deflected downwards.
Microscopically, refraction is explained in terms of oscillating electric dipoles induced by the XUV pulse. The incoming XUV pulse excites atoms that re-emit radiation at the same photon energy (free induction decay) [18] [19] [20] . Our prism uses the fact that this re-emitted radiation is phase-shifted with respect to the exciting XUV pulse. Because of the induced gas density gradient, the upper part of the XUV pulse acquires a different phase shift from the lower part, and this leads to a tilt of the XUV wavefront. The wavefront tilt depends on the refractive index and therefore increases close to a resonance 21 . For example, at a photon energy of 21 eV, that is, 0.22 eV below the 1s 2p resonance, the wavefront tilt is 0.07° at the gas density used in the present experiment.
We have simulated refraction in a gas jet using the Lorentz-Lorenz formula, assuming an XUV beam with a Gaussian spatial profile and using the properties of the 1s np absorption series of He (see Methods). The phase accumulated by the XUV pulse during propagation through the gas medium is calculated using the eikonal approximation. Propagation of the XUV beam in free space is calculated using the small-angle approximation to the Kirchhoff 's diffraction formula solved by the Fourier transform method (see Methods for details). As shown in Fig. 1d , the simulation reproduces the experimental result well.
The deflection of the XUV beam can be controlled by varying the gas pressure. Angle-resolved spectra for He backing pressures of 1 bar, 3 bar and 9 bar are presented in Fig. 2a-c and show increasing deflection for increasing backing pressure. The average deflection angle as a function of the photon energy (determined by comparing the centre-ofmass of the distribution along the vertical axis with and without the He gas jet) is plotted in Fig. 2d for backing pressures of 3 bar (cyan solid curve) and 9 bar (orange solid curve). For small angles, the deflection is proportional to the refractivity (that is, n − 1), which was calculated using the Lorentz-Lorenz formula (see Methods). The shapes of the measured deflection angles (solid curves) and the calculated refractivities (dotted curves) agree well, apart from the region near resonance,
Letter reSeArCH
where the angular acceptance and the resolution of the XUV spectrometer are no longer sufficient.
The observed deflection of XUV radiation in the vicinity of atomic resonances can be exploited for the design of an XUV refractive lens. In a second set of experiments, high harmonics with a narrow bandwidth of 100-200 meV and a low beam divergence were generated using a 12-m-long beamline 22 (see Methods). Figure 3a depicts the spatially resolved spectrum around 20.2 eV (corresponding to the 13th harmonic) as recorded at a distance of 6 m behind the HHG cell. The photon energy of 20.2 eV is about 1 eV below the 1s 2p resonance of He. The spatial extension of the harmonic along the vertical axis (2.7 mm; see Fig. 3d ) corresponds to a full-width at half-maximum (FWHM) divergence of 0.45 mrad. When a He gas jet with a parabolic profile 23 and a spatial extent of about 2.5 mm (that is, similar to the XUV beam diameter, which is 2.3 mm at this point) is placed 0.9 m in front of the detector, the former acts as a lens, as sketched in the inset of Fig. 3b . Figure 3b ,c demonstrates focusing of radiation at 20.2 eV for two different backing pressures. Figure 3d shows that the FWHM in the vertical direction is reduced from 2.7 mm to 410 μm by operating the gas jet at a backing pressure of 12 bar (the highest pressure used in the experiment, leading to a peak density in the experiment of about 1 × 10 20 atoms cm
−3
). We found that absorption of the XUV beam by the He lens is small: that is, below the estimated detection threshold of 5%. The geometry of the current experiment leads to focusing in one dimension, analogous to focusing by a cylindrical lens. A sequence of two perpendicularly placed gas jets, each with a cylindrically shaped density gradient, could be used to focus XUV pulses both horizontally and vertically.
As the deflection of XUV radiation increases for photon energies approaching an atomic resonance, we have studied another example using radiation at 14.0 eV (corresponding to the ninth harmonic; see Fig. 3e ), which is close to the 3p 5 5s (at 14.09 eV) and 3p 5 3d (at 14.15 eV) resonances of Ar. In this case, an Ar gas jet with a moderate backing pressure of 2.5 bar (corresponding to a peak density in the interaction region of about 2 × 10 19 atoms cm −3 ) was used to focus the XUV radiation, as shown in Fig. 3f . On further increasing the gas backing pressure to 4 bar, the beam size at the detector increased again (Fig. 3g) . In this case, the focal plane shifts closer to the jet, and a divergent beam is detected.
A minimum beam size of 270 μm was observed in the experiments with the Ar lens (Fig. 3h) , which is small enough for many applications including photoion and photoelectron spectroscopy. Some applications, however, such as the investigation of XUV-induced nonlinear processes 22, [24] [25] [26] [27] and single-shot HHG-driven coherent diffractive imaging using photon energies around 20 eV (ref. 28 ) require substantially smaller XUV spot sizes. The achievable focal spot size is limited by geometric and chromatic aberrations. For ideal focusing conditions, the profile of the gas density integrated along the XUV beam propagation axis needs to be parabolic. Although the gas density profile generated by a cylindrical nozzle is parabolic to a good approximation 23 , deviations from the parabolic shape lead to geometric aberrations, affecting the focal spot size that can be achieved. Furthermore, a density gradient is present along the propagation axis of the gas beam that also leads to geometric aberration. In the future, the gas density profile may be optimized by tailoring the gas nozzle designs 23 . Assuming a parabolic gas density profile, we have simulated the spot sizes achieved by an Ar lens for a collimated XUV beam at 14.0 eV with a FWHM diameter of 1.9 mm. The XUV spot size at a distance of 90 cm behind the gas lens depends on the photon energy, as shown in Fig. 4a . This chromatic aberration, which is a direct consequence of the variation of the refractive index within the XUV bandwidth, results in a spot size that is larger than that of a monochromatic XUV beam. Note that this effect is not visible in the experimental data owing to the spectral resolution of about 100 meV and the spatial resolution of about 100 μm. The gas-density-dependent spot size at a distance of 90 cm from an Ar lens is plotted in Fig. 4b , showing a minimum spot size of 74 μm for an XUV pulse with a bandwidth of 160 meV, which is similar to the bandwidth of the ninth harmonic observed in the experiment (black curve in Fig. 4b) . The measured spot sizes show little variation over a broad range of gas densities because of chromatic aberration, which explains the behaviour shown in the inset of Fig. 3h . Spectral components at photon energies below the resonance (n > 1) are indicated in red, components at energies above the resonance (n < 1) in blue. Middle, experimental configuration, showing an XUV pulse (violet arrow) that crosses a gas jet (black arrow), which has a density gradient in the vertical direction (orange arrow), at right angles. Bottom, deflection of an XUV pulse propagating below the centre of the gas jet. b, Angle-resolved spectrum of a broadband HHG pulse measured in the absence of the gas jet. The angular divergence of the XUV beam in the vertical direction is reflected in the spatial distribution along the vertical axis. arb. units, arbitrary units. c, The same spectrum after propagation at a distance of 0.3 mm below the centre of a dense He gas jet (generated using a backing pressure of 10 bar) shows clear signatures of refraction.
Spectral components with photon energies below the 1s np resonances of He are deflected upwards, whereas spectral components above these resonances are deflected downwards. The deflection angles are largest close to the 1s 2p resonance and decrease for higher resonances, owing to the decreasing oscillator strengths. Above the ionization potential of He (at 24.58 eV), the XUV radiation is strongly absorbed. Owing to ageing effects, the sensitivity of the detector was reduced in regions where the undisturbed HHG spectrum is recorded (as in b) compared with regions where the deflected XUV radiation is observed. This makes the deflected XUV radiation appear more intense. d, Simulation of the XUV refraction in an inhomogeneous He gas jet, taking into account 1s np resonances with n = 2, 3, …, 8. The simulation indicates that for a backing pressure of 10 bar, a gas jet with a peak density of 9 × 10 19 atoms cm −3 (corresponding to a pressure of 3.7 bar at 300 K) was achieved in the interaction zone.
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When reducing the XUV bandwidth in the calculation to 2 meV, a minimum spot size of 40 μm is obtained (red curve in Fig. 4b ). The chromatic aberration is reduced when exploiting refraction due to a resonance that is further away from the XUV photon energy, as shown for a He lens with a FWHM diameter of 2.4 mm in Fig. 4c . A minimum spot size of 28 μm is obtained in this case using a pulse with a bandwidth of 240 meV (similar to the bandwidth of the 13th harmonic used in the experiment shown in Fig. 3 ; black curve in Fig. 4d) , and it is reduced to 20 μm for a pulse with a bandwidth of 2 meV (red curve in Fig. 4d ). Our simulations show that by further increasing the gas density to 3.1 × 10 20 atoms cm −3 , corresponding to a shorter focal length of 30 cm, a focal spot size below 10 μm could be achieved (resulting in an XUV intensity of up to 10 13 W cm −2 ). This is in the range of recent experiments studying XUV-induced Rabi cycling 29 , XUV double ionization of atoms 26 and single-shot coherent diffractive imaging 28 , where spot sizes between 3 μm and 16 μm were used, thus putting us in the realm where XUV nonlinear optics experiments become possible.
When using a refractive lens to focus ultrashort XUV pulses, another important aspect is the XUV pulse duration at the focus. Because HHG and free-electron laser pulses have an intrinsic negative chirp 30, 31 , a refractive lens, which induces a positive chirp, can lead to compression of the XUV pulses. Assuming a pulse with a duration of 24 fs and a chirp of −8 meV fs −1 , which is in the range of previous measurements for the 13th harmonic 32 , our simulations show compression to 16 fs by a He lens with a peak gas density of 4.9 × 10 19 atoms cm
(corresponding to a focal length of 1.9 m). Note that this value is larger than the Fourier-limited pulse duration of 8 fs owing to the nonlinear chirp that is introduced by the lens. When increasing the peak gas density to 1.1 × 10 20 atoms cm −3 (corresponding to a focal length of 90 cm), we predict a moderate stretching from 24 fs to 29 fs. Focusing of shorter XUV pulses may be achieved by combining a refractive lens with another focusing element. For example, the development of a multicomponent lens consisting of an XUV refractive lens and a Fresnel zone plate was suggested 16, 17 . It was theoretically shown that these multi-component lenses can be used to focus broadband attosecond pulses to nanometre spot sizes 17 , which may enable the investigation of electronic processes with attosecond temporal and nanometre spatial resolution.
In conclusion, we have presented a method to deflect and focus XUV pulses by using the inhomogeneity of a gas jet placed in the way of Letter reSeArCH an XUV beam. Our results enable the transfer of concepts based on refractive optics that are widely used in other spectral regions to the XUV regime, including microscopy, nanofocusing and the compression of ultrashort pulses. XUV gas-based lenses have several advantages, including their high transmission, deformability and tunability (by varying the gas composition, the gas pressure and the gas jet geometry). Compared with reflective mirrors that are often used to focus XUV pulses, these XUV lenses are immune to damage (because the gas sample is constantly replenished) and preserve the propagation direction of the incoming XUV light, thereby aiding their use in experimental setups. Refractive XUV lenses may also be used in combination with other optical elements and techniques, such as the recently demonstrated spectral selection of harmonics using spatial filtering 33 . Refractive XUV gas-phase lenses can be designed for photon energies between 10 eV and 24 eV by carefully selecting appropriate atoms or molecules for different photon energies. In the future, this range might be extended to higher photon energies by developing lenses that exploit refraction in an inhomogeneous plasma consisting of highly charged ions and electrons.
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Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/s41586-018-0737-3. 9 mm FWHM diameter) through an Ar gas jet with a peak density of 2.2 × 10 19 atoms cm −3 (corresponding to a pressure of 0.9 bar at 300 K). Because of chromatic aberration, the XUV spot size depends on the photon energy. b, Spot size as a function of the Ar gas density for XUV pulses with a bandwidth of 160 meV (black curve) and 2 meV (red curve), showing minimal spot sizes of 74 μm and 40 μm, respectively. c, The chromatic aberration is reduced for photon energies that are further away from the resonance. This is shown for the example of an XUV pulse at 20.2 eV (2.4 mm FWHM diameter) that propagates through a He gas jet with a peak density of 1.1 × 10 20 atoms cm −3 (corresponding to a pressure of 4.3 bar at 300 K). d, Spot size as a function of He gas density for XUV pulses with a bandwidth of 240 meV (black curve) and 2 meV (red curve), which exhibit minimal spot sizes of 28 μm and 20 μm.
